Calixarenes, composed of phenolic units linked by methylene bridges at the 2,6-positions, represent a versatile class of macrocyclic compounds in supramolecular chemistry that can host small molecules or ions in their well-defined hydrophobic cavities. In recent years, it has been recognized that this class of compounds has the potential to serve as platform for the design of biological active compounds. Therefore, the calixarenes functionalized with different pharmacophoric groups have been synthesized as target structure by many researchers and were further evaluated for their biological activities. Owing to their promising biological activities such as antiviral, antibacterial, antifungal, and anticancer, the functionalized calixarenes are recently receiving increased attention from pharmaceutical/medicinal chemistry community. In this review, we summarize and discuss the synthetic approaches and the biological potential of functionalized calixarenes, mainly focusing on the selected recent studies for a comprehensive and target-oriented information, which could help in the design and synthesis of new therapeutic agents leading to the development of clinically viable drugs based on these macrocyles.
S P E C I A L I S S U E A R T I C L E Functionalized calix[4]arenes as potential therapeutic agents
Muhammad Moazzam Naseer | Mukhtiar Ahmed | Shahid Hameed Over the past several years, synthetic macrocycles have attracted great attention from medicinal chemistry community due to their preorganized conformational features and the multifarious biological activities. [1] [2] [3] [4] The role of macrocycles in medicinal chemistry has been highlighted in many recent reviews. [5] [6] [7] [8] [9] [10] The efforts are now being focused on functionalization of easily approachable macrocyclic scaffolds with established pharmacophoric groups in search of new drugs for increasingly challenging targets. One such macrocyclic scaffold is calixarene. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Calix [n] arenes are one of the most exciting synthetic macrocycles known to date besides cyclodextrins, crown ethers, cryptands, and cucurbiturils having diverse applications in supramolecular chemistry. [21] [22] [23] They can easily be synthesized by the reaction of p-tert-butyl phenol and formaldehyde in the presence of a base. [24] Among several calix[n]arenes, calix [4] arene has been found to be of special interest due to its easy access, unique conformational features and easy postmacrocyclic modifications both at lower and upper rims. This has been manifested by its applications in the area of host-guest chemistry, [25] ion and molecular recognition, [26] [27] [28] [29] [30] enzyme mimics, [20] catalysis, [31] interaction with biomolecules, [32, 33] ion extraction, [34] and selective ion transport. [35] In general, calix [4] arene exists in four different conformations, that is cone, partial cone, 1,3-alternate, and 1,2-alternate ( Figure 1 ), depending on the number and nature of substituents present at the lower and/or upper rim. [21, 22, 36] However, the parent calix [4] arene favorably adopts a cone/basket-like conformation due to the presence of four OH groups, which provide stability to this conformation through intramolecular hydrogen-bonding interactions, and therefore has C 4v symmetry exposing a π-basic cavity in the upper rim. [21, 22, 36] 1 | FUNCTIONALIZATION OF
CALIX[4]ARENE-AN OVERVIEW
The functionalization of calix [4] arene is one of the key feature that makes it more special when compared with other macrocycles in addition to its basket-like cavity that is suitable for small ions and neutral molecules. The functionalization can be achieved at both lower and upper rim. The hydroxyl groups present at the lower rim of calix [4] arene provide excellent handles for incorporating other moieties by its reaction with electrophiles under basic conditions. The O-acylation and O-alkylation are the two easiest reactions carried out to introduce substitutions at the lower rim of calix [4] arene. [37] For example, acid halides in the presence of NaH or AlCl 3 , acid anhydrides in the presence of H 2 SO 4 have been used to produce tetra O-acylated derivatives using excess of derivatizing agent in the reaction. [38, 39] Similarly, tetra O-alkylation ranging from Me to naphthylmethyl has been carried out with an excess of the alkylating agent in the presence of the strong base such as NaH. [40] The procedures have also been developed to carry out selective mono-, di-, and tri-O-acylation and -O-alkylation. [36] However, it is specially easy and useful to functionalize at 1,3-positions of the calix [4] arene with different electrophiles as it is still present in cone conformation in most cases after functionalization. [23] For instance, the reaction of one equivalent of p-tert-butyl calix [4] arene with two equivalent of ethyl bromoacetate in dry acetone containing K 2 CO 3 under reflux for 15 h produces 1,3-diester derivative of calix [4] arene, which undergoes hydrolysis with NaOH in ethanol providing corresponding diacid derivative. These diacid derivatives then react with amines through acid halide intermediate to finally give amidofunctionalized calix [4] arene. [41] Another important example include the O-alkylation with chloroacetonitrile followed by reaction with LiAlH4 that produces 1,3-diamine-functionalized calix [4] arene. [42] Furthermore, similar strategies have been used to generate lower-rimbridged structures by reacting calix [4] arene with compounds having di-electrophilic sites. [43] [44] [45] Several examples have also been reported where porphyrins are quadruply attached to the lower/endo rim of calix [4] arene. [46] [47] [48] The functionalization of calixarenes at upper/exo rim in most cases has been carried out using p-tert-butylcalixarenes as starting material due to its easy availability in a singlestep procedure from a few milligrams to many kilograms scale. It is worth addressing here that the phenols such as ptert-butylphenol, p-tert-pentylphenol, and p-tert-octylphenol from which calixarenes can be prepared in high yields in the one-step procedure and the p-substituent can easily be removed by a reverse Friedel-Crafts reaction, exposing para positions for the introduction of desired functional groups. [21, 22, 36] Furthermore, the rate of de-tert-butylation is dependent on the substituents present on the phenolic oxygens. [49] With the easy availability of p-position of calixarene by de-tert-butylation, a number of procedures have been developed for p-functionalization of calixarenes. For example, N-bromosuccinimide has been used for tetrabromination of the tetramethyl ether of calix [4] arene in high yield, [50] while Br 2 has been used for B,D-dibromination of the A,C-dialkyl ether. [51] Similarly, Friedel-Crafts and other electrophilic aromatic substitution conditions were applied to introduce alkyls, NO 2 , SO 3 H, SO 2 Cl, CHO, COR, COAr, CH 2 Cl, ArN 2 , etc. on the upper rim of calixarenes. [36, 52, 53] 2 | FUNCTIONALIZED
CALIX[4]ARENES AND THEIR BIOLOGICAL ACTIVITIES
Over the past many decades, undoubtedly functionalized calix [4] arenes have proved to be a fascinating macrocyles in the field of supramolecular chemistry; however, their F I G U R E 1 Different conformations of calix [4] arenes potential in medicinal chemistry was realized about two decades ago with remarkable biological activities against bacteria, [54] fungi, [55] cancerous cells and viruses, [56, 57] and enveloped viruses, [58] as well as against thrombosis [59] and fibrotic diseases. [60] Since then, the molecular platform of calix [4] arene has extensively been used to the design of new therapeutic agents by introducing biologically important functional groups at its lower and/or upper rim. Some of the selected recent examples will be discussed in the following sections.
| Lower-rim-functionalized calix[4] arenes
Pur and Dilmaghani [61] synthesized functionalized calix [4] arene, namely calixpenam, by introducing four 6-aminopenicillanic acid (6-APA) at the lower rim (Scheme 1). The reaction of calix [4] arene 1, which was initially synthesized using the procedure of McKervey and coworkers, [37, 62] with 2,2′-dibenzothiazole disulfide (DBTDS)
as a carboxylic acid activator in the presence of triphenylphosphine (TPP) and triethylamine (TEA) provided intermediate 2, which undergoes aminolysis reaction to afford the lower-rim-functionalized calix [4] arene called calixpenam 3 in good yield (Scheme 1). To see the macrocylic effect on the activity, the in vitro antimicrobial activity of synthesized calixpenam 3 was compared with compound 4. The calixpenam 3 against S. pyogenes, S. agalactiae, and S. pneumoniae [MIC (μg/mL) = 0.012, 0.006, and 0.024, respectively] was found to be many fold more active than 4 [MIC (μg/ mL) = 0.016, 0.032, and 0.125, respectively]. The calixpenam 3 was later transformed into calixcephem 5 [63] in two steps (Scheme 2). The conversion of calixpenam 3 to its sulfoxide derivative in 85% yield in the presence of peracetic acid in cold aqueous medium, followed by ring expansion in the presence of N,N′-bis(trimethylsilyl)urea (BSU) and pyridine-hydrogen bromide (Py-HBr), provided calixcephem 5 in 93% yield. Recently, multivalent iminosugars have attracted considerable attention for glycosidase or glycosyltransferase inhibition studies. [64] Kovensky and their co-workers were among the pioneers who highlighted the importance of multivalent approach by showing a 2.5-fold stronger inhibition of Jack bean α-mannosidase through a trivalent N-substituted deoxynojirimycin derivative in comparison with the corresponding monovalent compound. [65] Later on, a fullerenebased, dodecavalent deoxynojirimycin cluster was found to be a stronger and selective inhibitor of glycosidases, many times more active than the monovalent deoxynojirimycin derivative used as the reference compound. [66] Based on the results of these initial studies, researchers have also used calixarene platform for the synthesis of iminosugar clusters. [67] [68] [69] For example, calixarene-iminosugar derivatives 7a and 7b having four 1-deoxynojirimycin units at lower rim of calix [4] arenes (Scheme 3) have been synthesized through coppercatalyzed azide-alkyne cycloaddition (CuAAC) in excellent yields for evaluation of their inhibitory potential against
five glycosidases; namely α-glucosidase, β-glucosidase, α-galactosidase, α-mannosidase, and α,α-trehalase. [69] Preliminary results showed a significant enhancement of inhibitory activity of Jack bean (Canavalia ensiformis) α-mannosidase as compared to their monovalent analogs 7c (Scheme 3). Calix [4] arene 0118 (Scheme 4) is a proven potent antiangiogenic agent that effectively inhibits tumor growth in preclinical studies and is presently under investigation in a phase-I clinical trials. [70] [71] [72] Recently, Lappchen et al. [73] synthesized close mimetics of calixarene 0118 of the types 8 and 9 (Scheme 4) and evaluated their cytotoxic properties. All the newly synthesized analogs were not only proved to be equipotent to calixarene 0118, but some of them also inhibited human umbilical vein endothelial cells (HUVEC) and MA148 ovarian carcinoma cell growth nearly 4-and 10-fold more effectively, which is a straightforward evidence of the potential of this class of compounds in anti-angiogenic
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cancer therapy. Similarly, calixarene functionalized with four platinum(II) centers at its lower rim known as calixplatin has also been found as a potential anticancer agent when tested against different human carcinoma cell lines. [74] Salem et al. [75] installed quinolone nalidixic acid and the β-lactam penicillin V (two well-known antibiotic heterocycles) at lower rim of calix [4] arene (Scheme 5). The resulting functionalized macrocycle 10 has been evaluated against two Gram-negative and three Gram-positive bacterial strains, using disk diffusion method. However, it only showed good activity against Staphylococcus aureus ATCC 25923 strain with an inhibition diameter of 31.5 mm.
Kalchenko and co-workers [76] have functionalized the calix [4] arenes with hydroxymethylenebisphosphonic 11a and methylenebisphosphonic acid fragments 11b (Scheme 6) and demonstrated them as inhibitors of protein tyrosine phosphatase 1B (PTP1B). Both compounds 11a and 11b showed interesting activity and good selectivity when compared with other protein tyrosine phosphatases such as TC-PTP, PTPβ, LAR, and CD45 (For experimental inhibitory activity (IC 50 , μm), please see Scheme 6) . Similarly, these functionalized calix [4] arenes were also investigated for the inhibiting activity of glutathione S-transferase from equine liver and human placenta in vitro at micromolar level. [77] Such functionalized calix [4] arenes were found to be selective inhibitors of ATPases. The infections caused by Pseudomonas aeruginosa are the major pulmonary infections and reason of death in cystic fibrosis and hospitalized patients. [78] To treat these infections is becoming difficult day by day due to emergence of antimicrobial multiresistance against most of the available drugs. Recently, keeping in view the beneficial effect of monosaccharides against such bacterial lung infections, [79] Vidal and co-worker [80] have synthesized several multivalent calix [4] arene-based glycoclusters of type 12 (Scheme 7) through azide-alkyne 1,3-dipolar cycloaddition and characterized their antiadhesive properties against Pseudomonas aeruginosa through several in vitro bioassays. Interestingly, the designed glycoclusters have provided an almost complete protection against Pseudomonas aeruginosa in mouse model (in vivo) of lung infection. The tetravalent fucosylated and galactosylated calix [4] arene-based glycoclusters have been shown to be active both at target level and function level.
| Upper-rim-functionalized calix[4] arenes
The 6-aminopenicillanic acid (6-APA) was also installed at the upper rim of calix [4] arene by Pur and Dilmaghani [61] (Scheme 8). The starting functionalized calix [4] arene 13, which was synthesized according to the procedure described by Gutsche et al., [81, 82] [4] arene with 6-aminopenicillanic acid at upper rim was found to be slightly more beneficial against the tested strains when compared to its lower-rim-functionalized equivalent.
Later on, the conversion of calixpenam 15 to the corresponding calixcephem 17 (Scheme 9) was achieved in excellent yield using a similar two steps synthetic strategy, as described above for the synthesis of lowerrim-functionalized calix [4] arene 5. [63] Similar to the lower- Hof and co-workers [83] [84] [85] synthesized a series of trisulfonated calix [4] arenes of type 19 (Scheme 10) and showed that these have unique ability of binding to post-translational modifications which serve as 'on' or 'off' switches producing significant changes in gene transcription. Trimethylation of lysine 27 on histone H3 (H3K27me3) is the main modification, which cause repression of transcription, and is related with aggressive cancers of various types. The functionalized macrocyles 19 showed selective binding with H3K27me3 as compared to unmethylated H3K27 when monitored through a dye-displacement method. This particular feature in 19 provides an effective route for disrupting protein-protein interactions, which are usually produced by post-translational modifications. Adopting a similar strategy to the synthesis of lower-rimfunctionalized calix [4] arene iminosugar clusters 7, Marra et al. were also able to synthesize upper-rim-functionalized calixarenes of the type 20 (Scheme 11) for their evaluation as potential glycosidate inhibitors. [69] In comparison of results of both lower-and upper-rim-functionalized calix [4] arene iminosugar clusters 7 and 20, respectively, the former was found much more active than the later. Sonnet et al. [86, 87] have synthesized functionalized calix [4] arene podands 21-23 having diamino-tetraesters, diamino-tetraalcohols, and diamino-tetraacids groups, respectively, at the lower rim (Scheme 12) and reported their effect on cell proliferation, in comparison with the new oral chelator ICL670A (4-[3,5-bis-(2-hydroxyphenyl)-1,2,4 -triazol-1-yl]-benzoic acid). The results of the antiproliferative effect of these functionalized calix [4] arene derivatives (studied in the human hepatocarcinoma HepaRG cell cultures, using cell nuclei counting subsequent to staining with the DNA intercalating fluorescence dye, Hoechst 33342) showed that the podands 21-23 have comparable activity to that of ICL670. 
| Lower-and upper-rim-functionalized calix[4]arenes
Calix [4] arenes functionalized at both lower and upper of the type 28 have been synthesized by Mourer et al. [88] by adopting the four-step process starting from the tetrapara-aminoethylcalix [4] arene 24 (Scheme 13). The tetrapara-aminoethylcalix [4] arene 24 as tetra-hydrochloride salt can easily be synthesized following the procedure of Gutsche et al. [81] The functionalized calixarenes 28 along with aminoethyl intermediates 27 were then evaluated for their antimycobacterial activity against Mycobacterium tuberculosis, H37Rv strain. [89] The cationic derivatives having four aminoethyl groups at the upper rim and two 6,6′-dimethyl-2,2′-bipyridyl-(27b) or 4,4′-dimethyl-2,2′-bithiazolyl subunits at the lower rim (27d) were found to be inactive against M. tuberculosis. However, the unsubstituted (27a) and the 5,5′-dimethyl-2,2′-bipyridyl analogues (27c) showed MIC values of 3.2 and 0.8 μm, respectively. The conversion of aminoethyl into guanidinoethyl groups at the upper rim led to the, except for the 6,6′-dimethyl-2,2′-bipyridyl-derivative (28b), in excellent antimycobacterial activities for the unsubstituted (28a), the 5,5′-dimethyl-2,2′-bipyridyl (28c) and the 4,4′-dimethyl-2,2′-bithiazolyl (28d) analogues, having 0.8, 0.8 and 1.6 μm MIC values, respectively, comparable to some of the available commercial antituberculosis agents ( Table 1 ). The compounds with high activity were also tested against the isoniazid-resistant strain MYC5165 that showed highly interesting micromolar or submicromolar MIC and IC 50 , confirming their much more activity than isoniazid (see Table 1 ). The evaluation of these compounds against both Gram-positive and Gram-negative bacteria resulted in good to excellent antibacterial activity against one or more of the tested strains [88] .
Similarly, Geraci et al. [90] synthesized the first examples of self-adjuvant vaccine candidates/immunotherapeutic anticancer agents of type 29 based on a calix [4] arene (Scheme 14). The main focus of this study was on MUC-1 protein, overexpression of which is connected with human epithelial carcinomas. Calix [4] arene 29 functionalized with Toll-like receptor-2 (TLR2) effectively stimulates B lymphocytes producing an antibody specific for MUC-1, designated as MUC-1 immunoglobulin G antibody. 
| Heteroatom-bridged calix[4](het) arenes
Owing to the tremendous significance of lower-and/or upperrim-functionalized calixarenes in both supramolecular and medicinal chemistry, efforts have been made for the synthesis of heteroatom-bridged calix [4] (het)arenes. By virtue of these efforts, recently, the heteroatom-bridged calixhetarenes emerged as a new class of macrocyclic host molecules where heteroatom and heteroaromatic rings were installed instead of methylene bridges and simple aromatic ring, respectively, of conventional calixarene. [91] [92] [93] [94] [95] This new type of functionalized calix [4] arenes can easily be accessed by the reaction of dinucleophilic fragment [96] with dielectrophilic fragment [97] in either one-pot fashion or fragment-coupling approach, and by changing the size of these dinucleophilic and dielectrophilic components, the cavity size of these macrocycles can be tuned. Owing to the intrinsic electronic nature of bridging heteroatoms such as nitrogen that can adopt different electronic configurations to form various degrees of conjugation with their adjacent aromatic rings, heteroatom-bridged calix [4] (het)arenes exhibit unique cavity structure and molecular recognition properties. An easy and efficient postmacrocyclization functionalization is an added advantage of these macrocycles. Due to these features, this new types of macrocycles are thought to be superior host molecules as compared to conventional calixarenes in supramolecular chemistry.
[ [91] [92] [93] [94] [95] Despite the indispensable role of heteroaromatic compounds and tremendous significance of functionalized calixarenes in medicinal chemistry, the heteroatom-bridged calixaromatics remains largely unexplored in this field of science. Very recently, Jain and co-workers [98] (Table 2) . Furthermore, all the synthesized compounds have also been screened for their antibacterial activity against the Gram-positive and Gram-negative human pathogenic bacteria, namely B. cereus, S. aureus and E. coli. The results showed moderate to good activity of these functionalized calixarenes. 
| CONCLUSIONS
In conclusion, the continuous search of new compounds having potential to serve as drugs is a great challenge now a days when cells and micro-organisms are constantly acquiring resistance to commercially available drugs. The installation of pharmacologically important moieties onto the molecular platform of calixarenes is a unique strategy that has successfully been applied in recent years. The synergistic effect due to the spacial organization of pharmacologically active moieties on a macrocylic scaffold is one of the reasons of their improved activities when compared to the individual installed pharmacologically active moieties. In this article, we tried to highlight the ways to functionalize both lower and upper rim of calix [4] arene, primarily focusing on their biologically properties. The chemistry and biological potential of rather new bridging and annulus-functionalized calix [4] arenes, namely heteroatom-bridged calix [4] (het) arenes, have also been briefly discussed. This article is an endeavor to contribute in finding new future directions in the development of more potent functional compounds based on calix [4] arenes. The chemistry described in this article will help researcher to use this information for designing novel functionalized calix [4] arenes with enhanced medicinal properties.
